Corrosion inhibitive effect of Withania Somnifera extract has been studied in 0.5 M nitric acid for Copper (Cu). The studies were done at different temperatures (30-50 o C). The thermodynamic parameters were determined. Withania Somnifera has been found to be more effective corrosion inhibitor at lower temperatures and inhibition efficiency (IE) reached 91.8% at 25 ppm. Adsorption isotherm was determined and was found to follow Frumkin adsorption isotherm. Inhibition efficiencies at different Withania Somnifera concentrations were determined using chemical and electrochemical techniques. Polarization data revealed that this extract acts as a mixed-kind inhibitor. The obtained inhibition efficiencies were in a high agreement, confirming the validity of the used techniques in testing the inhibitory action of Withania Somnifera for Cu corrosion in nitric acid medium.
INTRODUCTION
Cu is a widely used metal in an industry as it has good characteristics, and shows high resistance against chemicals, and atmospheric factors. However, it can be corroded when exposed to aggressive media such as acids. Cu corrosion prevention can be attained using inhibitors. Inorganic compounds [1] , and organic compounds like azoles , amines [27] [28] [29] [30] [31] [32] [33] amino acids [34, 35] and plant extracts [36] [37] [38] [39] [40] have been examined as Cu corrosion inhibitors in various corrosive media. The presence of hetero atoms like O, N, S, P in the organic compound molecule improves its inhibition action, as it can form coordination bonds with vacant d orbitals in a metal atom. Rings of conjugated bonds, π electrons, can also improve the action of these inhibitors. According to these results, a lot of compounds having numerous heteroatoms and functional groups were developed. Withania Somnifera (W. Somnifera) is a plant used as an herb in Ayurvedic medicine. W. Somnifera has known commonly as winter cherry [41] or Indian ginseng [42] . It is cultivated in many of the drier regions around the world. W. Somnifera was examined as an inhibitor for acidic metals corrosion [43, 44] . The target of this work is to investigate the inhibitory action of W. Somnifera as a green corrosion inhibitor towards Cu in 0.5 M HNO3 (corrosive solution) using different techniques.
EXPERIMENTAL TECHNIQUES

Materials and solutions
The chemical composition (weight%) of the tested Cu metal was given in Table 1 . 7 M HNO3 (a stock solution) was prepared by dilution of the concentrated chemical AR grade acid using bidistilled water. The acid titration was done using standardized NaOH solution. Exactly 0.5 M HNO3, which used as a corrosive solution throughout the experiments, was obtained by dilution of the stock solution using bidistilled water.
245.7 gm of W. Somnifera powder was soaked in 900 ml of methanol (70% BDH), and the mixture was kept at room temperature. After two weeks, the mixture was left to dry in shade in an airtight vessel. The dried samples were converted into a fine powder using an electric blender, filtrated using cheesecloth and filter papers, and stored at room temperature in air-tight vessels. Gas chromatography and mass spectroscopy analysis were carried out in methanolic extract of W. Somnifera and the structures of main chemical constituents, that isolated from W. Somnifera plant, were characterized as shown in Table 2 . 
Wight loss (WL) method
For WL measurements, the Cu metal coupons were cut into 3×1×2 cm 2 pieces and were polished using different grades of emery papers up to 1200 grit size. The pieces were cleaned by acetone and bidistilled water, dried using filter papers, and then weighed. Seven pieces of Cu were hanging in test solutions without and with different concentrations (5-25 ppm) of W. Somnifera using suitable glass hooks. After a definite interval time, the pieces were taken out from the solutions, rinsed, dried, and weighed again. The WL for each piece was then taken. The % IE of W. Somnifera and surface coverage of Cu (θ) were determined using the following equation: %IE = θ x 100 = [(Wfree -Winh)/ Wfree] x 100 (1) where Wfree is the WL of the metal without W. Somnifera and Winh is the WL of the metal with W. Somnifera.
Electrochemical techniques
The electrochemical techniques have been performed using PCI4-G750 Potentiostat/Galvanostat and a personal computer with Gamry PCI4-G750 software for calculations. The used electrical circuit consists of three electrodes (SCE reference electrode, Pt auxiliary electrode, and Cu electrode). 1 cm 2 of the Cu electrode is prepared and cleaned as illustrated in WL method. The pre-immersion oxide film was reduced by giving a time period of about 20 minutes for open circuit potential (OCP). All electrochemical studies were performed at 30 ±1 °C. Potentiodynamic polarization (PP) is a useful method because they give more information about the corrosion mechanism and the factors affecting the corrosion process and inhibition behavior of the inhibitor. This is done by measuring the potential-current characteristics of the metal/ solution system. In PP measurements, electrode potential from -1000 to 1000 mV was applied at scanning rate 1 mV s -1 . %IE and θ from PP measurements were determined by applying the following equation: % IE = θ x 100 = [(icorr (free) -icorr(inh))/ icorr (free)] x 100 (2) where icorr (free) is the corrosion current density without W. Somnifera and icorr(inh) is the corrosion current density with W. Somnifera.
In the electrochemical impedance spectroscopy (EIS) process, the frequency range is between 100 kHz and 0.1 Hz and the AC signal is 10 mV peak to peak. % IE and θ were obtained by employing the following relation:
where Rct(free) is the charge transfer resistance without W. Somnifera and Rct(inh) is the charge transfer resistance with W. Somnifera.
In electrochemical frequency modulation (EFM), the larger peaks were used to obtain icorr, causality factors (CF-2 & CF-3) and Tafel slopes (βc & βa). θ and % IE from EFM measurements were calculated using equation (2).
Surface analysis
For surface analysis, the Cu specimens had been exposed to the test solutions for 24 hours. JEOL scanning electron microscope (SEM) model T-200 was used to study morphology at an enlargement of (x500). Energy dispersive X-ray (EDX) was used to detect the elements on the Cu surface 
RESULT AND DISCUSSION
Weight loss (WL) method
Temperature effect
The temperature effect on Cu dissolution in corrosive solution without and with different W. Somnifera concentrations has been studied in the temperature range o C) by WL, and illustrated in Figure 2 . The Figure showed that the WL increases with raising the temperature at all W. Somnifera concentrations. This may be referred to molecules desorption from the metal surface at higher temperatures. Increasing of WL with a temperature rising is suggestive of physical adsorption [45] . Table 3 displays the temperature effect on the corrosion rate (CR), θ, and %IE for Cu in corrosive solution. As shown, CR of Cu metal increases while %IE decreases with rising temperature. Table 4 . Increasing Ea * in inhibited corrosive solution compared to that without inhibitor together with the decrease in % IE with the temperature rising, can be referred to physisorption [50] . 
Adsorption isotherms
Among numerous of adsorption isotherms, Frumkin adsorption isotherm [51] , that given by the following equation, was the best fit: 
Potentiodynamic polarization (PP) measurements
PP curves without and with different W. Somnifera concentrations for Cu in corrosive solution were illustrated in Figure 7 . The variation of corrosion potential (Ecorr), icorr, βa, βc, CR, θ and % IE with W. Somnifera concentration were given in Table 6 . Experimental results indicate that icorr is significantly decreased with increasing W. Somnifera concentration. Both the anodic and cathodic curves were affected by the presence of W. Somnifera, i.e. W. Somnifera limited both the anodic and cathodic reactions (mixed type inhibitor), but largely affected the cathodic one. The almost unchanged Tafel slopes indicate that W. Somnifera acts by just blocking the metal surface reaction sites without changing the mechanisms of the anodic and cathodic reaction. Figure 8 presents the Nyquist plots for Cu dissolution in corrosive solution without and with different W. Somnifera concentrations. The Nyquist diagrams do not display ideal semicircle, this referred to the frequency dispersion [58] which results from the surface roughness. The inductive arc of the diagrams (large capacitive loops with low frequencies dispersion) referred to adsorbed intermediates ruling the anodic process [59] [60] [61] . In corrosive solution without and with W. Somnifera, the diagrams show the same capacitive loop, but its diameter increases with rising W. Somnifera concentration. The impedance spectrum was analyzed by using the simple equivalent circuit model shown in Figure 9 . The circuit has the solution resistance Rs and the double layer capacitance Cdl that put parallel to Rct [62] . Rct, is attained from the diameter of the high-frequency loop, while Cdl is obtained as follow: Cdl = 1/ (2π fmaxRct) (11) where fmax is the maximum frequency and π =3.14. Table 7 includes the obtained impedance data. As shown, Rct increases while Cdl decreases with the increase in W. Somnifera concentration. That is because adsorption of the W. Somnifera on the Cu surface, forming a film on it. Bode plots of W. Somnifera on Cu in corrosive solution were presented in Figure 10 . The higher frequency indicates (Rs), while the lower frequency indicates (Rs+Rct). Nyquist and Bode results show high conformity. 
Impedance (EIS) measurements
Electrochemical frequency modulation (EFM) measurements
EFM for Cu in corrosive solution without and with W. Somnifera was presented in Figure 11 . Data obtained from EFM were recorded in Table 8 . It is observed that icorr decreases by increasing the Rct W. Somnifera concentration. Also, CF-2 and CF-3 values were very approached to the theoretical values and this agrees with the EFM theory [63] and guarantees the rightness of Tafel slopes and icorr. 
Scanning electron microscopy (SEM) analysis
SEM for Cu metal surface without and with 25 ppm of W. Somnifera was illustrated in Figure  12 (a & b) . In Figure 12 (a) (without W. Somnifera), the micrographs displayed an extended etching contains green and dark areas with some white areas. The green areas indicate the protective film that contains mainly Cu and its oxides, while the dark areas indicate the Cu corroded areas. In Figure 12 (b)(with 25 ppm of W. Somnifera), it is clear that W. Somnifera provided good protection at the surface of the Cu metal as it forms a protective film on the surface. 
Energy dispersive X-ray (EDX) analysis
EDX for Cu without W. Somnifera (Figure 13(a) ) revealed that only Cu is present. EDX analysis of Cu with 25 ppm of W. Somnifera (Figure 13(b) ) showed an additional line of C, indicates the protective film of W. Somnifera on the Cu surface. Table 9 presented the weight % (wt %) of Cu and carbon atoms in the protective films on the Cu surface without and with 25 ppm of W. Somnifera as obtained from EDX. It is clearly shown that Cu% on the surface was decreased in the presence of W. Somnifera compared with the blank, while C% increased because of the adsorption of W. Somnifera on the Cu surface. 
Corrosion inhibition mechanism
The inhibitory action of W. Somnifera on corrosion of Cu in 0.5 M HNO3 can be clarified mainly on adsorption. It is apparent from photochemical analysis of W. Somnifera that the chemical constituents which identified in the methanolic extract of W. Somnifera plant (Table 2) , contain a lot of heteroatoms (O atoms), functional group (OH group), and π-electrons, which widely aid in the adsorption process, and so in inhibition action. Since Cu has the ability to form coordinative bonds with atoms able to share with electrons like O atoms, W. Somnifera adsorption on Cu surface can be referred to coordination with O atoms and rings having π electrons. Also, the inhibitory action can be illustrated on the basis of the molecular weight, where molecules with large size will cover larger surface areas, so delaying corrosion [64] . Since the chemical constituents identified in the methanolic extract of W. Somnifera plant have large molecular weights (Withaferine A has molecular weight = 470.60 g/mol and Dihydrowithaferin-A has molecular weight = 472.6136 g/mol), they will cover large Cu surface areas and so delaying its corrosion. Table 10 shows a comparison between %IE of some plant extracts for Cu corrosion in HNO3. As shown from the table, W. Somnifera can be used effectively as Cu corrosion inhibitor in HNO3. 
CONCLUSIONS
W. Somnifera was examined as a Cu corrosion inhibitor in 0.5 M HNO3 using WL, PP, EIS, EFM, SEM, and EDS techniques. The brief of the obtained results is as follows:
As W. Somnifera concentration increases, the Cu weight loss decreases. Desorption of W. Somnifera molecules from the metal surface takes place by increasing temperature. Adsorption of W. Somnifera on Cu surface is physically and followed Frumkin isotherm. Increasing W. Somnifera concentration causes little shift in PP curves toward both positive and negative potentials, indicating a mixed type mechanism. By adding more of W. Somnifera, Rct increases while Cdl decreases. W. Somnifera makes the Cu surface smoother. The results from the used techniques showed a similar range of %IE, indicating the validity of the studied techniques.
